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Abstract  
We demonstrate that (NH4)2Si0.5Ti0.5P4O13 is an excellent proton conductor. The 
crystallographic information concerning the hydrogen positions is for the first time unraveled from 
neutron powder diffraction (NPD) data. This study shows that all the hydrogen atoms are 
connected though H-bonds, establishing a two-dimensional path between [(Si0.5Ti0.5)P4O132-]n 
layers for the proton diffusion across the crystal structure, by breaking and reconstructing 
intermediate H–O=P bonds. This transient species probably reduces the potential energy of the H 
jump from an ammonium unit to the next neighboring NH4+ unit. Both theoretical and 
experimental results support an interstitial proton conduction mechanism. The proton 
conductivities of (NH4)2Si0.5Ti0.5P4O13 reach 0.0061 and 0.024 S cm-1 in humid air at 125 oC and 
250 oC, respectively. This finding demonstrates that (NH4)2Si0.5Ti0.5P4O13 is a promising 
electrolyte material operating at 150-250oC. This work opens up a new avenue for designing and 
fabricating high-performance inorganic electrolytes. 
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1. Introduction 
Fuel cells as clean power sources have attracted wide attention due to their high 
energy conversion efficiency as well as low emissions.1-3 Notably, fuel-cell powered 
vehicles were introduced into the market by several vehicle companies in 2014. 
However, the present polymer electrolyte membrane fuel cells (PEMFCs) with Nafion 
as proton conducting electrolytes are usually operated below 100 °C. CO poisoning is 
a concern if the cell works with carbon-based fuels at these temperatures. Thus, 
increasing loadings of noble metal catalysts and alloying Pt with other oxophilic 
elements are usually used to enhance the catalytic activity and mitigate CO poisoning.  
PEMFCs or direct-alcohol fuel cells operating at higher temperatures show 
improved electrode reaction kinetics and enhanced impurities tolerance for the fuels. 
Thus, solid-state proton conductors with high conductivities operating in 150~400 oC 
are highly desired for developing intermediate temperature fuel cells (ITFCs).4-7 
Ammonium polyphosphate based electrolytes are possible candidates.4,5,8 However, 
pure phase ammonium polyphosphate is not stable at temperatures higher than 200 oC. 
It is noteworthy that of the composite with highly dispersed oxides is an effective 
strategy to improve the stability and ionic conductivity.9,10 Although Wang et al.11 
reported the preparation, structural and transport properties of the (NH4)2Si1-xTixP4O13 
(0x1), the proton transportation mechanism in these compounds is not clear yet. 
In this work, we have prepared (NH4)2Si0.5Ti0.5P4O13 by a solid-state reaction. The 
crystal structure of (NH4)2Si0.5Ti0.5P4O13 and its structural evolution with increasing 
temperature were studied by neutron powder diffraction (NPD) experiments and 
X-ray diffraction (XRD). The proposed diffusion pathway was confirmed by density 
functional theory (DFT) calculations. The relationship between the structure and 
conductivity property of (NH4)2Si0.5Ti0.5P4O13 as a proton conductor for ITFCs is 
unraveled, and the microscopic origin of  the observed good performance has been 
revealed, which is instructive for designing and fabricating high-performance 
inorganic electrolytes. 
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2. Results and Discussion  
Both, XRPD and NPD patterns show that this material is isostructural with 
(NH4)2SiP4O13 phase, reported in 1976 by Durif et al.
12 from X-ray single crystal 
diffraction. The backbone of this phase (excluding the H atoms) is defined in the 𝑃1̅ 
space group with unit-cell parameters: a=15.14(1), b=7.684(5), c=4.861(5) Å, 
=97.86(1), =96.74(1) and γ=83.89(1)°. The structure was described considering 
that the SiP4O13
2- anions form a bi-dimensional network along bc planes, composed 
by tetrapolyphosphate groups (P4O13
6-) connected to silicon atoms in octahedral 
coordination. The ammonia groups (NH4
+) are located between the SiP4O13
2- units. 
The crystallographic position of these groups was reported,12 but the hydrogen 
positions are unknown since they are not observed from X-ray diffraction. 
Subsequently, the Ti substituted phase was described by Wang et al;11 however, they 
only provided the unit-cell parameters, determined from XRPD data, and there was no 
crystallographic information concerning the atomic positions. 
In a first approximation, the XRPD pattern of (NH4)2Si0.5Ti0.5P4O13 was refined 
using the Le Bail method obtaining the following unit-cell parameters in the 𝑃1̅ 
space group: a=15.253(1), b=7.7340(6), c=4.9333(5) Å, =97.846(5), =96.1941(5) 
and γ=83.9336(5)°. Figure S1 (Supporting information) shows the excellent Rietveld 
fit of the XRPD pattern. On the other hand, the refinement of the atomic positions was 
not possible from XRPD data, due to the low symmetry and the high number of 
non-equivalent atoms. NPD data collected at room temperature (RT) were essential to 
resolve this novel structure, in particular to locate the hydrogen positions. This 
information is of paramount importance for gain insight into the proton conduction 
mechanism in this material. However, there are two issues to consider in the structural 
resolution. Firstly, the fact that the hydrogen has a large inelastic component 
originates an important incoherent background. In principle, this should not affect the 
quality of the Rietveld refinement if a correct statistics is reached for the 
crystallographic peaks. The second restriction is related to the inherent limitations of 
the powder method; this aspect becomes more complicated if we consider the triclinic 
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symmetry with twenty-eight different atomic positions. These facts would not enable 
a full structural resolution, with free atomic coordinates for all the atoms. 
 Fortunately, several well-known chemical geometries for different coordination 
environments can be used to partially constrain the atomic parameters during the 
refinement. For example, the phosphorus in the tetrapolyphosphate groups has a sp3 
hybridization, indicating a chemical constraint to tetrahedral geometry. Hence, the 
angles O-P-O can be constrained to 109.5°. Additionally the P-O distances can also be 
constrained to 1.55 Å, since this value is maintained (within a tolerance range) in the 
crystal structures of several polyphosphate materials. Considering that the Si/Ti atoms 
are in octahedral coordination, the three angles formed by the opposite oxygen and Si 
(or Ti) atoms were constrained to 180°. Furthermore, the shape of ammonia groups 
also was constrained. For this purpose, the H–N–H angles were constrained at 109.5° 
and the N-H distances at 1.00 Å. It is noted that each constraint with its standard 
deviation is considered in the function to be minimized in the Rietveld method. 
Thereby, some chemical restrictions are established while maintaining the molecular 
flexibly. 
After fitting the unit-cell and instrumental parameters, the atomic coordinates were 
refined incrementally in the following order: silicon/titanium, phosphorus, oxygen, 
nitrogen and finally hydrogen atoms using an overall displacement parameter. Then, 
this overall displacement parameter was replaced by the isotropic displacement 
parameters for each atom type, except Si/Ti site, due to the opposite sign in their 
scattering lengths; for this site the value was fixed to 1.2 Å2. Finally, the relative 
occupation Si/Ti was also refined, reaching the convergence. The good agreement 
between the observed and calculated NPD patterns after the refinement is shown in 
Figure 1. The structural parameters of this phase at RT are listed in Table S1 
(Supporting Information). The crystal structure at 100 and 200ºC can be refined with 
the same triclinic model from NPD data. The Rietveld profiles at 100 and 200 °C after 
the refinements are shown in Figures S2, S3 (Supporting Information), and the 
structural parameters are included in Tables S2 and S3. Also, a comparison between 
the main distances for the three temperatures is listed in Table S4. 
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Figure 1. Neutron-diffraction patterns of (NH4)2Si0.5Ti0.5P4O13 after refinement at 
room temperature. 
 
Figure 2 shows a schematic view of crystal structure after the NPD refinement. 
The tetraphosphate units (P4O13
6-) are aligned along the [011] direction. Four of these 
tetraphosphate units are bonded to Si/Ti atoms with an octahedral geometry. As a 
result, a [(Si0.5Ti0.5)P4O13
2-]n layer extending parallel to the (100) plane is built up (see 
Figure S4, Supporting Information). These layers are interleaved with ammonium 
ions (NH4
+), bonded via interactions of H-bonds (N–H∙∙∙O–P). The most important 
parameters showing H-bond interactions (distance, angle and type of H-bridge) are 
listed in Tables S5, S6 and S7 for RT, 100 and 200 °C, respectively. Three types of 
hydrogen bridges are found: normal, bifurcated and trifurcated H-bonds. According to 
the classification of Jeffrey for H-bonds13 and the parameters listed in Tables S5, S6 
and S7, the observed interactions for this compound is in the range of moderate and 
weak. 
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Figure 2. Schematic view of the crystal structure of the (NH4)2Si0.5Ti0.5P4O13 obtained 
from the NPD refinement at RT. 
 
Very importantly, the interatomic distances show that the H-bond network is 
reorganized as the temperature increases, as illustrated in Figure S5. This behaviour is 
at first manifested in the thermal expansion of the a axis, which is greater than the 
other axis. The most indicative parameter of the ionic mobility is the displacements 
factors of H atoms, which show a noticeable increase: 3.6, 4.9 and 10.4 Å2 at 25, 100 
and 200 °C, respectively. Analysing the H-bond interactions between the 
[(Si0.5Ti0.5)P4O13
2-]n layer and the ammonium groups, it is possible to note that all the 
hydrogen atoms can be connected though H-bonds, establishing channel-like paths 
between [(Si0.5Ti0.5)P4O13
2-]n. Hence, it is possible to assume that the proton mobility 
occurs through the formation of the intermediate H–O=P bonds. This H-bond network 
probably stabilizes interstitial hydrogens which can promote the conductivity. 
Difference Fourier map were calculated from the final refinements at 200 °C. Figure 
3a shows that the map overlaid with the crystal structure reveals subtle negative 
regions which can be assigned to H interstitial atoms. Thus, interstitial H conducting 
mechanism may be involved. To further gain insights into the proton diffusion 
mechanism, the energy barriers of protons in (NH4)2Si0.5Ti0.5P4O13 are obtained via 
DFT calculations and illustrated in Figure 3b and 3c. For convenience, the modeling 
of Hi
+ (H interstitial) and VH
- (H vacancy) diffusion in (NH4)2Si0.5Ti0.5P4O13 at 200 
oC 
is taken as the representative one in the following discussion. As shown in Figure 3b, 
the interstitial H+ ions at the initial and final states coordinate with four O2- ions and 
the total energies of the corresponding configurations are ~1 eV lower than those of 
others. This open space at the 2i site at the center of four O2- atoms is noted as site Hi
+ 
(IS) or Hi
+ (FS). For the purpose of comparison, we also construct a negatively 
charged H vacancy (VH
-) by removing any one lattice H+ and examine its diffusion. It 
is clearly seen from Figure 3b that the energy barrier of Hi
+ (0.65 eV) is much lower 
than that of VH
- (3.17 eV), which indicates that (NH4)2Si0.5Ti0.5P4O13 is a H 
interstitial-type conductor. Furthermore, it is found that more energy is needed to 
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break the N-H bond for H vacancy diffusion in (NH4)2Si0.5Ti0.5P4O13. However, it is 
much easier for a proton to hop from an interstitial site near a given NH4 unit to 
another interstitial site near a neighbouring NH4 group. During this process, it needs 
to break the O-H bond (1.06 Å) and form another O-H bond (1.013 Å). Note that 
these two values of the O-H bond length are almost the same under the DFT 
framework. The DFT results are consistent with the proton interstitials revealed by 
difference Fourier map with subtle negative regions as shown in Fig. 3a. Therefore, 






Figure 3. (a) Negative regions observed from difference Fourier map at 200ºC. The 
path (b) and energy barriers (c) for Hi
+ (H interstitial) and VH
- (H vacancy) diffusion 
in (NH4)2Si0.5Ti0.5P4O13. The projection view suggests the jumping path of protons in 
(NH4)2Si0.5Ti0.5P4O13 at 200 
oC. IS, FS and TS represent the initial, final and transition 
states, respectively. 
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The feasibility of (NH4)2Si0.5Ti0.5P4O13 as an intermediate-temperature electrolyte 
material was investigated by impedance spectra measurements. The temperature 
dependence of the proton conductivity of (NH4)2Si0.5Ti0.5P4O13 is shown in Figure 4. 
This material exhibits high proton conductivities of 0.0061 and 0.024 S cm-1 in humid 
air at 125 and 250 oC, respectively. The conductivities of (NH4)2Si0.5Ti0.5P4O13 in 
humid H2 are slightly higher than those in wet air.
12 The conductivity of 
(NH4)2Si0.5Ti0.5P4O13 is much higher than that of propanesulfonated 
polybenzimidazole (PBI-PS) (~0.00158 S cm-1 at 140oC)3 and comparable to that of 
solid acid proton conductor CsHSO4 (~0.04 S cm
-1 at 180oC).14 It is believed that the 
conductivity is dependent on the testing conditions.11 The diffusion mechanism is still 
the hydrogen hopping via external hydrogen bond. In Figure 4, it also shows the 
typical ceramic proton conductors such as BaZr0.8Y0.2O3- (BZY) and 
BaCe0.7Zr0.1Y0.2O3- (BCZY)
15 and polymeric conductors such as NAFION®,16 which 
are electrolyte materials operating at high and low temperatures, respectively. Thus, 
(NH4)2Si0.5Ti0.5P4O13 could well satisfy the technological requirements for 
intermediate temperature ranges. These results demonstrate that (NH4)2Si0.5Ti0.5P4O13 
is a promising electrolyte material operating in 150-250oC. 
 
 
Figure 4. Temperature dependence of the proton conductivity of (NH4)2Si0.5Ti0.5P4O13 
in comparison with ceramic14 and polymeric proton conductors.15 
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3. Conclusions 
In summary, the crystallographic information concerning the hydrogen atomic 
positions in (NH4)2Si0.5Ti0.5P4O13 is unraveled in a NPD study. A two-dimensional 
path between [(Si0.5Ti0.5)P4O13
2-]n layers for the proton diffusion across the crystal 
structure is elucidated; a temperature increase leads to many connections between 
protons of neighboring NH4
+ units. DFT calculations unveil that this compound is a H 
interstitial-type conductor. (NH4)2Si0.5Ti0.5P4O13 shows high proton conductivities of 
0.0061 and 0.024 S cm-1 in humid air at 125 and 250 oC, respectively. These results 
demonstrate that (NH4)2Si0.5Ti0.5P4O13 is a promising electrolyte material for 
intermediate temperature fuel cells (150-250oC) and electrolysers, well filling the 
windows left between ceramic and polymeric proton conductors. 
 
4. Experimental Section 
Preparation of (NH4)2Si0.5Ti0.5P4O13. Commercial APP (AP423, Clariant GmbH), 
SiO2 (Quartz, Alfa Aesar) and TiO2 (Anatase, Alfa Aesar) were used to synthesize 
(NH4)2Si0.5Ti0.5P4O13 by a solid-state reaction process in ammonia atmosphere as 
reported previously.11 Stoichiometric amount of APP, SiO2 and TiO2 powders were 
thoroughly mixed with a mortar and pestle and were then calcined in an ammonia 
atmosphere at 400 °C for 24 h. Then, the ammonia atmosphere was switched to argon 
and the temperature was reduced to room temperature. After this procedure, the 
product was washed with distilled water, dried at reduced temperature (RT) and 
crushed at 10°C. Then the obtained product was sieved to collect electrolyte powder 
with diameters less than 100 µm. 
Characterization of materials. The XRD patterns were measured on a Bruker-AXS 
D8 diffractometer with Cu Kα radiation in the 2θ range of 5° up to 90° with 
increments of 0.006°. To study the crystallographic structure, NPD patterns were 
measured at the HRPT diffractometer of the SINQ spallation source (PSI, Paul 
Scherrer Institute, Villigen, Switzerland) with a wavelength of 1.494 Å, at 25, 100 
and 200ºC. Both XRPD and NPD diffraction patterns were analysed with the Rietveld 
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method using the FullProf program.17,18 The coherent scattering lengths for Si, Ti, P, 
O, N and H were, 4.1491, -3.438, 5.13, 5.803, 9.36 and -3.739 fm, respectively. 
Further details of the crystal structure can be obtained from the 
Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany 
(fax: (+49) 7247-808-666, email: crysdata@fiz-karlsruhe.de), on quoting the 
depository numbers 432599, 432632 and 432633 for a phase of 
formula  H8N2O13P4Si0.5Ti0.5 at RT, 100 and 200 °C, respectively. 
For impedance spectra measurements, the method is as that reported in the 
literature.4 The measurement was performed in humid air. Wet air with water vapor 
partial pressure of 3.4 kPa was obtained by bubbling gas through water at 25oC. 
Before recording impedance spectra, the pellet was equilibrated under humid gas for 
24 h in the test system. The impedance spectra were recorded at constant temperatures 
after 1 h equilibration time. The data were analysed using a ZView software (version 
2.1). 
DFT calculations. The calculations were performed by the Vienna ab initio 
simulation package (VASP), based on the first-principles density functional theory 
and generalized gradient approximation (GGA).19, 20 Lattice parameters were fully 
relaxed in all the calculations with a force convergence criterion of less than 0.02 
eV/Å and a total energy convergence within 10-4 eV per unit cell. The cutoff energy 
for the plane-wave basis was set as 540 eV. All calculations were performed in a 
1×1×2 supercell with a 1×2×3 Monkhorst-Pack k-point grid. The ion migrated 
barriers were obtained using the climbing image nudged elastic band (CINEB) 
method.21 
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